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THREE-D IMENSIONAL UNSTEADY FLOW FIELDS ELICITED BY A
PITCHING FORWARD SWEPT WING

J. Ashworth,* M, Waitrip,* and M.W. Luttges*¥*
Aerospace Engineering Sciences
University of Colorado, Campus Box 429
Boulder, Colorado 80309

Abstract t oscliliation ampiitude
- spanwise deflection angle at the wing tip
The three-dimensional flow field about a ) (deg.)
forward swept, NACA 0015 wing was studied using ‘ forward sweep angle = 30 degrees
multipie exposure, phase-locked flow visuallzation, "V kinematic viscosity
The flow was viewed from orthogonal perspectives. nondimensiona) osclilation phase angle (%
The wing was oscillated sinusoidally in pitch while cycle beginning at «g,.)
stroboscepic photography was usea fo record the ° rotational frequency 5 radians/second

pitching-dependent alterations in flow field
structure, Flow Interactions were visualized In

discrete fashion for a varlety of spanwise vlews, Introduction
using different K values and mean angles of attack.
The major flow fleld characteristics of the Recent advances in the technoiogy of composite

dynamical Iy oscillating swept forward wing were structures and in computer-based control systems
the tip and the leading edge vortices. The strong No¥ permit the use of forward swept wings on
helical tip flow vortices dominated most of the high pertformance alrcraft.' The swept forward wing

observed flow structures near the wing tip configuration is known to perform well at
across all test conditlons. And, the far high  Mach numbers and Eas aerodynamlc advantages
inboard span locations were dominated by flows @t very low airspeeds. In the aerodynamics

related to the leading edge vortex. Whereas the arena, considerable work with unsteady separated
swept forward wing elicits flow structures that are  fiows has Indicated that such flows can enhance
qualitatively predictabie from previous research, the ”;X‘"Q forces on both Two—d)mensiunaé
the magnitude and interaction of these flow alrfoils™ and on three-dimensional wings.
structures were quite different. The spatial These two promising new areas of aerospace
domain of the flows was quite pronounced and seemed Technology have not been Iinvestigated In any
to be speciflic to the wing geometry of the test comb ined fashion. To date, the sweep effects of
configuration. alrfolis® and delta wings have received only
minor attention In regard to unsteady flows.

The work described below focuses upon the three-

dimensional characteristics of unsteady flows

*Graduate Research Assistant, Department of Produced about a swept forward wing tested under a
Aerospace Engineering Sciences, Member AlAA variety of dynamic pitching conditlons. The
complexity of flows known to be produced by !ifting

**Professor, Department of Aerospace Engineering surface;!; pitching sinusoldal ly beyond static stall
Sclences, Member AlAA angles® dictates the Initial wuse of flow
visualization studies. Stnce the swept

forward wing represents a three-dimensional

surface and the vortices typlcal of unsteady flow

Nomenclature fields are obviously three-dimenslional,
c wing chord fength comprehensive flow vlisuallzations must al low for
d.  distance from leading edge vortex formatlon fy|| three-dimensional representations. The
point to shedding or disslpation point, present ssfudy uses a technique reported
measured along chordline previously? that permits the Introduction of
K nondimensional reduced frequency parameter,  smokellnes as a single plane that can be followed
K=.¢/2V, as It is acted upon by the fluld forces generated
Re Reynolds number, Re = V c/y by the unsteady separated flows.
S nondimensional spanwlse“distance from wing tip
SZ leadinc edge vortex size, measured from wing
<urtace to top of vortical structure (cm)
1 time Mathods
te time leading edge vortex ls present on top
surface of wing Experiments were conducted In the 40.5 x 40.5
Ve leadIng edge vortex convective veloclty, cm low speed wind iunnel at the University of
vc=dc/1c Colorado. The test section walls and top conslsted
v freestream tunnel veloclity of cast acrylic Plexiglas such that flow could
x7c nondimensional distance of vortex center from be visualized from any perspective. A small D.C.
leading edge, meaturea along shorcline medo- (97 v~ permitted varlable speed driving
¢ instantaneous wing angie of attack, of a scotch yolk that In turn produced o
¢ o= o 4+t cos (=t) sinusoldal plitching motion of variable ampliitude.
ty mean angle of attack about which oscillations Both the driving mechanism and the wing mounting
are centered shaft were mounted at a 30° angle relative to the

I his paper is declared w work of the LS. Goseenment and iv
not subject to copyright protection in the U nited States. 1




tunnel test section wall. The induced wing
pitchling motion was constant throughout the full
length of the wing along the lateral axls, Walls
not used for specifilc visualization
perspectives were palnted flat black to help reduce
light reflections. The tunnel velocitiec were
set to achieve Re=30,000 and 40,000.

A hollow core aluminum NACA 0015 alrfcil|
section was used for the wing. The tip was cut
paralle: o the angle of the oncoming flow. The
resulting 30° tip was sealed with a flat
plate contoured to the airfoil profile. With these
modifications, the effective chord length was 17.6
cm and the thickness-to-chord ratio was 0.13. The
oscillation axis around which the wing pltched
was 0.22c. By osclllating the wing at freguencles
up to 10 Hz, values of K were extended from
0.0 to 1.5. Mean angles of attack were 12, 15 or
18° with the osclllation amplitudes of ¥9-10°.

Flow visuallization was _achleved using a
traversing smoke wlre technique.” The Elgin ailoy
wire (0.02 cm dia.) introduced a vertical plane of
smoke Into the flow approximately 2.0c upstream
of the wing. As the smokel ines passed over the

wing, stroboscoplc (7 usec) Illumination was
friggered by wing phase angle. Each time the
wing passed through +the same angles of
attack, illumination occurred. The resulting
multiple (4-6 flashes) exposure photographs
were recorded by a 35mm camera using ASA 400
film. The multiple exposure photographs provided
evidence of reliability in +the observed flow
field structures. To galin an orthogonal

perspective, photographs were taken from the slide
and the top of the wind tunnel test section.

Spanwlise positions were examined from +the
tip of the wing to more Inboard sites. These
distances were made non-dimenslonal using chord
length. In the oscliiation tests, the motion
historles began at maximum angles of attack and the
fel | motion cycle was characterized as a percentage
of a full cycle.

Results
Flow Yisuallzation in Static Tests

As a baslis for dynamic comparisons, the
swept forward wing was first examined using flow
visual lzatlon across a wide range of static angles
of attack. To characterize the spanwlise
perturbation of the resulting fiow fields, smoke
was al lowed to pass over three locations: tip,
0.58c Inboard and 1.15¢c inboard. The flow was
photographed from the sideview (tip to root) and

from above. In all Instances, the photographs
used multiple exposure, stroboscopic
Illumination that assured flow field

reproduciblity.
3-27°,

Angles of attack were varied from

The adherence of the smoke to the contour of
the upuar surface of the wing was dependent upon
the spanwlise site visualized. Fallure of the
smokel ine to fol low the wing contrur was used =e
evidence of {iuw separation. At about 3° alpha,
flow remained attached at all locations on the
wing visuallzed (Fig.1,Aa). At a static angle of
attack of 9°, the nost {nboard span locatlion
visualized (1.15¢c) began to show Indlcations of

1,b) In contrast +to the
location (0.58¢c) where the
fiow remained attached (Fig. 1,B). When the angle
of attack was Increased to 15°, above stall
for this alrfoll, the flow was fully separated
inboard and only beglinning to separate nearer the
wing tip (Fig. 1,Cc). Further Increases In the
angle of attack (Flg. 1,0d and 1,Ee) result in
more dramatlic separations of the flow field from
the wing. In all of the vlisuallzations, the
separation 1s less fully developed near the wing
+ip than it is at more Inboard |ocations.

flow separation (Flg.
immediately outboard

Fig. 1

Spanwlse separation on static wing, Re =
40,000, A-E: span location S = 0.58¢c, a-
e: span location S = 1,15¢c, Aa - Ee: a
= 3°, 9°, 15°, 21°, and 27°,
respectively,

The flow fleld visualized at the wing tip was
dominated by the presence of a strong hellical fiow
around the tip (Fig. 2,Aa). Across the statlc
angles of attack tested, Increased angles were
assoclated with ever tighter hellcal bendling
of the smoke around the wirg tip. Thls tightening
of the helical flow is formalized in Fig. 3, as the
g angle. As can be seen, the positive correla-
tion between the ¢ and g angle persists across
ail tests and the I ang'e flattens only at
angles of attack assoclated with Inboard flow
separation.

When seen from above (Fig. 2), spanwlse
displacements of the flow are most obvlious near
the wing tip. The smoke from the upstream
smokewire intercepts the wing tip iIn a manner that
puiic ine wnderside flcw outward ~-cund ine t!p
and then Inward over the upper wing surface. The
upper surface flow appears to be spatially
limlted to the span locatlons very near the tlp.
At the midspan location (Fig. 2b), +the flow Is
pul led toward the tip by the strong hellcal tlp




vortex. At tested span locations further
Inboard, the wing tip effect stli| seems to draw
the fiow in the direction of the unstaiied tip.

Fig. 2 Spanwise flow displacement on static
wing, Re = 40,000, » = 27°, A-C: slde
view, a~c: top view, Aa: wing tip, Bb: S
= 0.58¢, Cc: S=1.15¢c.
207 O K=1.0

| O K=0.0

Fig. 3 Tip deflection angle for static and
dynamic wing, Re = 40,000, o = 15°,

¢ =10°,

w

Elow Yisualization for Pitching Wing Tests

Using multiple exposure, phase-locked
photography, the flow fleld was visualized for the
swept forward wing for a varlety of K values,
mean angles and spanwise locations. Photographs
taken stroboscoplcally at different angles of
attack throughout the oscillation cycle produced a
record of the resulting flow fleld. Inevitably,
the test conditions yielded vortex dominated
tlows that varled temporally and spatially both In
inltiation and development, These variations
exhausted the full freedom of the three~dimensional
analyses wused. Resulting visualizations exhibited
considerable rellability, in that the multiple

exposures revealed consistently superimposed smoke
lines despite +the complexity of the eiicited
fiows. This level of reproducibillity was clear
from both the side and top view v.suallzatlons.

lnboard Span Location
At S=1.15c, the span location far
Inboard from the wing tip, the sinusoidal

pitching motions of the wing elicited flow field
stiuctures similar to +those Brevlously
reported for airfolls ond flat plates” as well %s
for Inboard sites on a stralght symmefrical wing”,
A leading edge vortex was produced as the
wing pitched upward through the static stal! angle.
First appearing in the 0.0 to 0.2 chord location,
the vortex grows In apparent size ana tnen
begins to convect +toward the tralling edge of
the airfoll. As the leading edge vortex passed
Into the wake, only a smal | amount of evidence of
a trailing edge vortex appeared.

Across the test conditions used in these
studles, the vortex inltiation occurred earlier in
the upward pitching motion if the mean angle of
attack were Increased. When K values were
Increased, vortex inltiation was altered. Also,
increased K values ylelded higher overall
convecting velocities for the passage of the
leading edge vortex over the upper alirfoil
surface and ylelded smaller, apparently more
cohesive vor*ex structures. Alil of these
correlates between fiow fleld structure and
pitching dynamics a@?d 5quHe simifar to
those reported earlier”?"’”. Accordingly, vortex
Initiation using 18%9° occurred at 15° on the
upstroke but using 12#9°, occurred at 17° As
noted before, earller vortex Initiation was
assocliated with slower average convecting
velocities and later Initiation was associated
with higher convecting velocities. Average
convecting velocites tended to mask the fact that
earfier inltiation ylelds convection historles
characterized by Initially siow convection
fol lowed later by more rapid acceleration whereas
later initlation shows Initially modest convectlon

without |later acczieration of the vortex to the
tralling edge.
¥ingtip Location

The wing tip flow about the swept forward
wing varled In substantlal ways from that observed
using a stralght symmetrical wing. By
characterizing the bendinc of the smokelines
around the wing tip .o t.- upper surface of the
wing, ¢ angle, It was possible to quantify the
relative characterlistics of the wing tip flow
throughout a futl pitching cycle. A comparison
of the angle of tip flow Is provided inFig. 3,
for both static tests conducted across a varlety of
angles of attack and for dynamic tests conducted
across pitching motions that moved the wing through
the same angles. The dynamic test conditions
were o =15+10° with a K value of 1.0. The
relatively |linear relation between and static
angles of attack Is displayed and the hysteresls
loop of 8 with dynamic angles of attack Is also
shown. In the latter case, the angle Is small
through early stages of the wing upstroke but then
Increases raplidly through the later stages of the
upward piching motion. Near the top of the
pitching cycle where o=25° the associated 8
angle |Is greater than that observed during the




static tests at the same angle of attack. The
angies remain larger than those observed for
statlic test ccunterparts through the downstroke.
At the end of the pltching downstroke and the
beginning of the upstroke, the wingtip fiow Is
characterized by raplidly decreasing g angle. Once
again, the - angle remains small unill the
migpeint of the upstroke Is attalned.

This dynamic time history of the wing tip
flow correlates well wlth the inboard initiation,
development and convection of the leading edge
vortex (Fig. 4). As . angle appears to Increase
dramatically on the upstroke of the wing, the
leading edge vortex 1Is growing over about 0.2
chord inboard. When the angle Is the largest,
the vortex has attalned mature size and Is
beginning to convect over +tne wing surface. The

angle remalns elevated over that seen in static
tests as long as the leading edge vortex remalns
over the upper surface of the wing. When the
leading edge vortex sheds Into the wake of the
wing, the » angle drops preciplitously to a value
smal ler than that shown for static tests at the
same angle of attack.

1.00

Fig. 4 Tip deflection angles for various K

values, Re = 40,000, +,=15°, « =10°

Tip vortex flow appears to respond in a
systematic manner to alterations in the K values.
In the tests that employed K=0.6, the g angles
remain low during the wing upstroke untiil near
the maximum angle of attack. Then, the angle of
the wing tip flow Increases to g values above
static test values. The Increased ¢ values
decrease rapidly but remain at levels higher than
the statlc counterparts through most of the wing
downstroke. Notably, the £ anglies at the lowest
angles of attack were qulite smal| at the transition
to wing upstroke. These values remaln |ower
than static counterparts throughout much of the
upstroke. In contrast, the K=1.4 tests
resulted in 3 values that were routinely
higher than static counterparts throughout
almost all of +the osclllation cycle. The rapld
changes in @ angles characteristic of tests done
with K=1.0 and K=0.6 were absent In the
fiattened hysteresis loop for the £ angles
recorded using K=1.4. It Is tempting to relate
these observations to the fact that a vortex is
present over the Inboard surface of the wing at ail
times when a K=1.4.

Midspan Locations

Using the above flow fleild characteristics
as reference points, the flow over the wing between
these tip and inboard sites was evaluated. The
smoke wire was moved spanwise such that the
smoke | lnes Intercepted the wing at polints 0.29c,
0.58c and 0.87¢c inboard of the wing tip.
Again, multiple exposure photograghs were taken
both from the slde and from above the wing. Fig. 5
provides sldeview comparisons of flow over some
of these spanwise locations for both statlc
and oscillating (K=1.0) wing test conditions where
the angle of attack Is elither constant or
instantaneous 18°, respectively. A major
difference in the apparent amounts of flow
separation [s clearly shown for the static as
compare¢ to the dynamic test conditlons. And,
the separation Is qulite sensitive to spanwise
location. Fig. 5 shows a deflinite separation of
the flow from the wing surface In the static tests
(B and C) but an attached vortex-Initiation fiow
In the dynamic tests (b and c). At thewling tip a
strong vortex 1Is evlident in both test cases
(Fig. 5A and 5a) and no evlidence of flow separation
appears, Farther Inboard, the flow separation in
the static case Is preceded upstream about the

leading edge of the wing by turbulence whereas in
the dynamic case the same slte shows the presence
of a highly structured vortex (Fig. 5C and 5c).

Fig. 5 Side views of statlc and dynamic wings,
Re = 40,000, A-C: static wing, K = 0.0,
a =18°, a-c: dynamic wing, K=1.0,
a =18°, Aa - Cc: wlngtip, S$=0.58¢ and
S=1.15¢c, respectively.

When +he same test <conditions are
visual lzed from above the wing it Is possible to
characterize the spanwise deflections of the flow
fleld. Although the spanwise deviations In flow
are often complex, an average was obtalined by
measuring the smoke |ine displacements at the
tralling edge of the wing from the Initial
plane of smoke Introduction upstream of the leading
edge. In this way It was possible to evaluate the
spanwise flow of both the upper and |ower surface




smoke |lines. The resulting measures were col lected
and summarized for each set of test conditlions.
These summaries were helpful in Interpreting the
data reported here, but will not be formally
presented.

The apparent size of the leading edge vortex
previously has been reported to be Xnversely
related to the magnitude of the K value.® In tests
with 'ne swept forward wing, thls relationship
appears to be strongly related to the spanwise
site of the observations (Fig. 6). At S$=1,15¢
the vortex size Is inversely related to K value, At
5=0.87c the vortex size changes very |ittle
with alterations in K value. And at $=0.58c or
$=0.29c, the vortex size actually Increases with
increasing K values. At these sites closer to the
wing tip, +the vortex forms and grows near the
leading edge but then the vortex structure
dissipates as It tegins to move toward the tralling
edge of the wing. Despite these variations In
growth dynamics related to K values, it remains
clear that the leading edge vortices are very much
smaller near the wing tip than at Inboard
locatlions on the span.

0.37 O K-1.4
O K=1.2
& Ke1.0
O x-0.8
O x-o0.8

0.2%

¥4

0.1

0.0+ , —~

0.00¢ 0.20C 0.s8C v.87c 1.18C

8
Fig. 6 Leading edge vortex size, Re = 40,000,
n m = 15°, i =10°.

The convectlion veloclties, VC, were
calculated as average values for the time of vortex
appearance near the leading edge to the time of
shedding from the 1rallling edge. Or, It was
calculated from the time of appearance to the time
of structure dissipation. This method includes
both the Inltiatlion and formation times for the
vortex; times when the vortex appears not to move
over the surface of the wing. In all cases, the
vortex was observed to convect slowly over the
leading portions of the chord and more rapidly
over the downstream chord locations. The Influence
of span location on V. Is summarized In Flg. 7.
The progressive acceleration of the vortices for
different span locations is summarized across the
chord of the wing throughout an osciltiation cycle
In Fig. 8. Regardless of span location,
Increases In K were associated with higher V.
values. And, the more inboard locations on the span
also were assoclated with higher V_'s. To better
summar ize these observations, the positions of the
vortices over the wing are plotted on the wing
planform for different portions of the pitching
cycle, 0.0, 0.25 and 0.50, in Fig. 9.

The mean angles of attack around which the
sinusoidal motions of the wing were driven were

O K=1.4

0101 g K-1.0 ——t
| © x-0.8 A
moa*
) ©
0.06+ D/ //
Ve/V,
0.04
0.021
0.00 —— — ~——
0.00C  0.58C 0.87C 1.186C
S
Flg. 7 Convective velocities, Re = 40,000,
‘4 m= 10°,
O 8=1.18¢C
"°I D 8-0.87¢C ~
o 8-0.88¢C
0.8 O 8-0.20¢ [
0.6/ o
o
X/C 7
0.4
0.2
0.0 + + N
0.78 0.00 0.28 0.60 0.78
L]
Fig. 8 Leading edge vortex position along the

chordlength, Re = 40,000, K = 1.0,
a m=15°, o =10°,

TOP VIEW

K-1.0

Fig. 9 Planform leading edge vortex position,
Re = 40,000, K = 1.0, x 0 =15°, a =10°,
$=0 a =25°, ¢ =5 a =5°,

varled between 12, 15 and 18° using -otlons of +9~
10°. The leading edge voriex formation
occurred earller in the upward pitching motion when
the mean angle of attack was Increased (Flg. 10)
and when the observation site was S=1,15c. At
8 span location closer to the +ip (5=0.58c), the
Initiation of vortices was delayed untl! later In
the upward pitching motion cycle. But, the
higher mean angles of attack |ed to more delay In
the vortex initiation. |In this instance it




appeared that the effect of the mean angle of
attack on tlp vortex flow was greater than it
was on Inboard flow; thus the inboard flow was
clearly influenced by high angle of attack
strengthening of wing tip flow. Coupled to the
differences in vortex Inltlation, the overall VC
was lower for lower mean angles of attack. As may
be seen inFig. '1, the low Vc values derlve from
earller vortex initiation w!th high mean angles of
attack. It Is equally clear that higher mean
angles eventually produce greater vortex
convection than lower angles when the whole
osclllation cycle s consldered. Inboard (S=1.15¢)
vortices traveled faster and further than outboard
(5=0.58c) vortices as indicated by the planform
plots of Fig. 12, These observations are not to be
confused with the initiation phenomena presented
above.

22+ A A=-1829°
oa=12:9°
20+
G
a 18+
164
1‘JL—H —~
0.88C 1.158C

S

Leading edge vortex Initiaticn point, Re
= 40,000, K = 1.0, . =12° and 18°,

t =9°,

Fig.10

O 8-0.88C
08=1.18¢C
O s-0.88C )

o 8-1.18¢ a-1ese L

a=1229°

0.78

Fig.t1 Leading edge vortex poslition, Re =

40,000, K = 1.0, a,=12° and 18°, n =9°,

One manner for comparing the Interaction
between the tlp and inboard flow patterns eilcited
on the pltching wing Is to compare signature
characteristics of each across @ full oscillation
cycle. The data presented In Fig. 13 show a
comparison between the £ angle of wing tip flow
and vortex slze, SZ, measured at $=0.29c inboard.
When the vortex is apparent inboard, the tip g
angle Is large. When the lInboard vortex has
dissipated, the . angle Is at minimum value.
Variations between these extremes show a very high
correlatlon between changes 1in : angle and

changes In vortex slze across the whole oscillation
cycle. In these stucles no causal relationship wac
tested but it appears clear that such relations
deserve further attention.

TOP VIEW

o ¢=-0.00

O $~0.2%

o $=0.80
—— @ =12t09°

L-a=1820° 8-1.18C

$-0.08C

wma T
K=1.0

Planform leading edge vortex position,
Re = 40,000, K = 1.0, . =12° and 18°,

t =9°,

Fig.12

o f.s-0.00C

0.08 20
O 82,8-0.29C
0.08
0.04
Sz
0.03
0.02
0.01 .
0.00 sl v b ﬁ_.
0.00 0.28 0.30 o.r8 1.00
]
Fig.13 Wing tip deflection angle and leading
edge vortex size comparlison, g at
§=0.0, SZ at S = 0.29¢, Re = 40,000, K =
1.0, a=15%, « =10°.
Muitipie Yortices and Flow Elahoration
Two leading edge vortices were always

observed during certain test conditions and at
specific sites on the wing (Fig. 5). Other flow
structures such as the appearance of another
vortex and the appearance of an apparent shear
layer also were reliably observed. The two
vortices That were producad during a single
upward pltching motion are shcwn InFig. 14, They
appear one after the other in time and chord
location. The main vortex forms In the usual
fashion on the upstroke with the secondary vortex
appearing slightly later and slightly downstream.
The secondary vortex |Is only half or two-thirds
the apparent size of the primary vortex but has the
same rotational sense, The secondary vortex,
formed downstream, convects more rapidly toward the
tralling edge of the wing than the primary vortex.
Thus, the two vortices appear to pull apart
once they have formed. Conslstent with previously
described flow behavior, the tandem vortices were
only seen briefly over the upstream chord
tocations at 5=0.58c. As may be seen in Fig. 158




and 15C, the shedding of the secondary vortex
coincldes with the appearance of a tertlary vortex
upstream of the primary vortex. The tertiary
vortex appears to rotate with the sar: sign as both
the primary and secondary vortices. If this
vortex appeared, it fraversed the whole chord of
the wing Immediately ahead of the primary vortex.
Further toward the tip, a variety of other
structures appeared qulite transiently and shear
layer fliows appeared to be In evlidence.

vortical

$=1.15¢, A-

H: «=25°, 23°, 18°, 12°, 7°, 5°, 7° and
12° respectively.

Fig.14 Progression of second

structure, Re=30,000, K=1.5,

Discussion

The swept forward wing ylelded unsteady

separated flow fields that in many ways were
reriniscent of those three dlgﬁyslonal flows
ellcited by a symmetric wing.””” Of critical

comparative Importance was the fallure of tip
vortices to decrease In apparent strength at very
high angles of attack and the stalliing
characteristics whereby the inboard reglions of the
span stall at |lower angles of attack than the
tip regions. These static angle of attack
dependencles undoubtedly contributed to the dynamic
pitching characteristics exacted on the flow
tield.

The effects of K values and mean angles of
attack on inboard, leadlng edge vortices were
well behaved. With Increased K these vortices
formed later In the upward pitching motion and
with increased mean angles of attack the
vortices were formed eariler. Vortex Initiation
polnt was correlated with V_ In that earlier

initliation Invarliably led to {lower V values
and later initition, +to higher V. values,
Apparent vortex size was inversely related to the
Vo values.

Formation of third !eading edge vortex,
Re=40,000, K=1.2, 5=1.15¢c, A-D: a =12°,
7°, 5° and 7°, respectively.

Fig.15

At the wing tip the curvature of fiow inboard
was determined both by angle of attack and by the
presence or absence of a leading edge vortex. As
tt. wing pitched through a complete cycie,
the wing +tip flow curvature showed significant
amounts of hysteresis and significantly more
magnitude than observed during static angle of
attack tests. The hysteresis was most clear during
jow K value tests and the overall magnitude of
curvature was most obvious using high K values.

The Interaction between these flow patterns
was spatlally dependent upon span location and
temporally dependent wupon pitchling
characteristics of the wing. In the former
case, flows near the tip over the wing developed
more slowly than Inboard flows. The resuiting
vortices were more capricious,” the apparent V.
values smal ler, and the vortices disappeared before
reaching the trailing edge. As a result of higher
K values, vortex flows near the tip were delayed In
the plitching cycle to Initlation at higher ang.es
of attack and the apparent vortex size (small in
comparison to Inboard vortices) was Increased.
At high K values, the primary vortex was Jolned by
additionsal vortices during a single pitching




Pianform plots reveal two disparate
regions on the upper surface of the wing that are
the doralns of leading edge vortices or tip
vortices, respectively. The leading edge vortex
domaln cunsists of a trianguiar wedge with the base

mction,

far inboard and the apex near the leading edge
of the wirg tip., Cne side of the wedge is outlined
by the lezadling edge of the wing and the other

side 1is gonerally bounded by & Iine beginning
at the tralling edge inboard and runnirg to the
front of the wing tip. Incontrast, the domein of
the tip flow structures Is a distorted wedge shaped
area bounded by the tip and by a |ine beginning
from fthe {eadingedge of the tip and passing
to the traliling edge of the wing where a base Is

formed. Between these domains Is the area on the
wing where a varlety of flow fleld siructures
arise, presumably from the Interactions of the

leading edge and wing tip vortices,. Such
interactions appear to affect the magnitude of
existing flow fileld structures rather than the
qual itative nature of the flow flields. Thus,
the wing tip dorain [s characteristically that
¢t the wing Tip vortex where [aboard flows change
the . angle but oot the overall flow fileld.
Ang, the leading edge vortex domain shcoas a
vortex that responds to tip flow but this vortex Is
not last to the tip flow effects.

The specific contributions c: the
swept torward wing to the three-dimensional ity
of the fiow field during pitching appear to arise
from @& combination of tne Inboard stalling
characteristics of the wing at high angtes of
attack and the reluctance of the tip to show stall
at such high angles. In addition, the two
flow field domalns described above Interact
in a non-orthogonal fashion due tc the forward
sweep of the wing.

The result of these swept forward wing
Interactions is most evident In the growth of the
feading edge vortex near the wing tip. Unllike
previously reported Instances in which Increases in
K velue result in decreased vortex sizes, the
vortex size near the wing “tip actually
increases with increased K values., In fact, this
refationshiponiy exits in tiow regions near the
wing tlp. Further Inboard, the size of the leading
edge vortex behaves as it does in two~dimensional
alrfoll tests, Coupled with this observation is
the alteration In the character of the helical tip
vortex. The vortex shows exaggerated angles
across all dynamic test conditions but the
exaggeration Is neither as large nor as Influenced
by hysteresis as in tests using a straight
symmetrical wing.

Conclusions

The forward swept wing statically and
dynamically produced flow flelds that differed
significantly from those reported for a straight
symmetric wing. in the static tests, the inboard
span of the wing stal.ed at lower angles of attack
than outboard span areas. The fiow about the wing
tlp dld not separate even at angles of attack
approaching 30°, These characteristics havg
been the subject of a previous investigat!on.
In dynamic pitching tests, the swept forward wing
differed from the symmetric wing primarily in
regard to the manner in which the leading edge
vortex developed aiong the span. The development
of Inboard vortices occurred at lower angles of

ettack than thet of +tipward vortlces, across
all K values and mean angles ot attack. Areas
along the span of Interacting tip and leading edge
vortices show more flow fleld capriclousness than
was evident using 8 symmetric wing.

As  observed earlifr using two-dimensional
airfoils and pgafes, as well as a three-
dimensional wing,” increases In K value result in
teading edge vortex appearance at higher
engles of attack in the upward plifching moticn.
This delay Is Invariably matched by higher VC
values., Opposite effects are seen for
increases In the mean angles of attac around which
pitching occurs. Within approximately C.5¢c of the
wing tip the relationships appear t¢ reverse in
that higher K values resuit In more vortex size
and slower apparent Vc. At these span locations
Increases In mean angle do not ameliorate the
effects of K value.

It 1s 1ateresting to note that previous
studies have snown that airioll and plates across o
variety of le numbers e¢llicit quite similar
dvnamic flow fleld chuanges. The upward

moTich generates a leading ~dge vortex that passes
over the chord to the tralling edge. Depending
upon K value, a tralling edge vortex Is eliclted

with opposite sign., This tralling edge vortex
often causes & rapld separation of +the fiow
from the airfoil surface. Such conditlions are

assocliated wlth "cataclysmic" stalli. In thre
present studies there was |ittle evidence for
the fresence of a trailing edge vortex and
dramatic flow separation was not coincident with
the passage of the leading edge vcrtex into the
wake.

The work of Gag-el~Hak and his
Col leagues’ and that of Carta® shows that the swept
back and delta wings alsoc seem to have |[ittie
evidence of a tralling edge vortex. Both series
of Investigations suggest that vortices form over
the upper surfaces at high angles of attack and
that these vortices simpiy increase or decrease in
size as pitching Is introduced. |Ip these reported
instances It Is easy to Imaglne that an induced
leading edge vortex simply adds to the
existing vortices over the two different test
surfaces,

Rece%T work by Freymuth and his
col leagues 9 gives a rather suggestive view of the
three-dimensional vorticity that supports some of
the flow fleld structures observed here and
grsvgously using swept forward and symmetric wings

*7r7 respectively. In a recent study (these
proceedings), a symmetric wing was marked with
TiCl, Jjust prior to initiating a fiouw that
accelerated l|linearly from rest +to approximately
40 ft per sec. The vorticity of both the wing tip
and the leading edge was evident. Across a wide
range of angles of attack the vorticity
accumu!ated across the leading edge 'n a pattern
like that described above for the area that
supports the pitch-Induced vortices, The tip
vorticity showed a pattern reminiscent of that
described for the hellcal pattern of the tip
vortex above. Between these twou areas there was
no apparent accumulation of vorticity. Higher
angles of attack In the acceleration experiments
resulted In areas of vorticity that appear to
converge over the surface of the wing, but these
two areas do not exhibit complete convergence, |t




seems possibtle that the upward pitching swept
forwerd wing tested [n the above experiments
brings under lying areas of vorticity close together
as in fFreymuth's experiments. The resulting flow
tield, accorcingly, might be expected to show the
elaboration actually observed In the present
experiments,

The present experiments show that
unsteady separated flows can be rellably
produced about a swept forward wing. The pltching
dynamics of the wing yleldeag predictavle
elterations In vortex Inltlation, development, V_
and shedding. The aerodynamic forces that are
auvvoclated with these fiow fleld observations
are yet to be determined. However, |t appears that
the manner irn which the underlying vorticity
supports the flow field structures may be gqulite
unitorn and, eventual iy, predictable.
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